The survival of naïve T cells is compromised in the absence of molecules encoded by the major histocompatibility complex (MHC) while antigen-experienced T cells survive. We hypothesized that survival pressures in an in vivo, MHC-deWcient environment would permit enrichment of less frequent antigen-experienced autoreactive cells at the expense of the majority of antigen naïve T cells. To test this hypothesis, we generated MHC class I-and class II-deWcient mice in NOD and C57Bl/6 (B6) backgrounds, and examined the capacity of adoptively transferred autoimmune-prone NOD T cells, or non-autoimmune prone naïve B6 T cells, respectively, to reject transplanted wild-type pancreatic islets or transplantable tumors in the MHC-deWcient mice. In the MHC-deWcient environment, CD4 T cells acquired self-hostile properties (islet rejection and tumor invasion) that were independent from their genetic propensity for autoreactivity, while CD8 T cells required appropriate prior exposure to antigen in order to survive and function (reject tumor) in this environment; however, disengagement of Tob1, a negative regulator of proliferation, led to a reverse phenotype with regard to persistence of CD4 and CD8 T cells in the MHC-deWcient environment. Our data suggest that self-peptide/MHC interactions have dual roles to facilitate survival and restrain autoreactivity, thus acting as integral components of an intrinsic network of negative regulation that maintains tolerance.
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Introduction
Peripheral T cells can be induced into what has been termed 'lymphopenia-induced proliferation' or 'homeostatic proliferation' (HP) by a T lymphopenic environment. Lessened competition for the cytokine interleukin-7 (IL-7) seems to be a major driving force for HP, although recent data suggest that HP may occur under more specialized conditions associated with increased concentrations of IL-2 and IL-15 [1] [2] [3] [4] . The control of HP is multifactorial and often favors memory T cells over naïve T cells; for example, clonal competition promotes expansion of memory cells at the expense of naïve cells [5, 6] , cytokine responsiveness similarly tilts the composition of the reconstituted population towards cells with memory phenotypes (MP) [7] , and regulatory (CD4/CD25/FoxP3+) T cells (Treg) also can contribute to the balance of naïve and memory cells that repopulate a lymphopenic environment [8] .
SpeciWcally, the tempo of IL-7-mediated HP is slow [9] , HP driven by constitutive levels of IL-15 is more rapid, generating memory phenotype cells [4] , and HP driven by elevated levels of IL-2/IL-15 is rapid with diVerentiation into both eVector and memory phenotype cells [2] . While the slow paced (IL-7-dependent) HP seems to be restrained by signals delivered through CD24 expressed in bone marrow-derived dendritic cells (DC) [10] , diVerentiation from naïve T cells to MP T cells following rapid IL-2 and IL-15-dependent HP is comparable to events driven by encounter with foreign antigen. Presumably, HP leads to attenuation of intrinsic pathways that maintain T cells in a non-proliferative state, such as those controlled by Cbl-b [11] , Krupplelike factor-2 (KLF-2) [12, 13] , Tob1 [14] , Fox-O [15] , and nuclear factor of activated T cells-c2 (NFATc2) [16] . In particular, NFATc2 and Tob1 may have non-redundant functions to maintain naïve T cell quiescence, respectively, by preventing activation of CDK4 and by supporting p27 expression [14, 16] .
T cell receptor (TCR)/major histocompatibility complex (MHC) interactions also are important determinants of HP. A majority of naïve T cells die or make at most a few divisions if the lymphopenic periphery is devoid of MHC [17] [18] [19] [20] [21] , and HP may itself be driven by T cell recognition of self-peptide/MHC complexes. It is, therefore, not surprising that these self-reactive, HP-driven T cells have been associated with both autoimmunity and anti-tumor immunity [22, 23] . CD4 and CD8 T cells largely share these characteristics of HP, although CD4 T cells expand less in response to MHC and CD8 T cells are more sensitive to its absence. The diVerent rates of erosion for CD4 and CD8 T cells in MHC-deWcient environments can be explained at least partly by diVerential survival properties between these subsets, as the absence of MHC class I leads to death of naïve CD8 T cells by Fas-dependent and mitochondrial-independent, Bcl-xL-resistant mechanisms [24] , but it also is likely that MP CD8 cells fail to proliferate eYciently in the absence of MHC [7, 25] . Nevertheless, once naïve T cells transit into MP, their dependence on MHC for persistence in the periphery is reduced or no longer apparent [17, [26] [27] [28] .
Experiments using transgenic T cells show that HP applies to most TCR transgenic animals, although the intensity of proliferation varies from one TCR transgenic line to another [2] . The especially weak proliferation of HY transgenic T cells may reXect the observation that they have below average aYnity for self-peptide/MHC and/or low TCR promiscuity [29, 30] . The capacity of TCR transgenic T cells to undergo HP once in the MP state is dissociated from the avidity of TCR to MHC-self complexes [28] , which Wts the properties of the MP in general.
At least two models have been proposed to explain the predilection for self-peptide/MHC reactivity to sustain HP. One model proposed by Grossman and Paul posits that even though thymic selection deletes T cells bearing receptors with high aYnity for self-antigens, it ultimately selects for T cells with measurable reactivity for self-antigens. Grossman and Paul surmised that these T cells are 'tuned' or desensitized by continued interactions in the periphery with MHC and self-peptides against which they were selected in the thymus. Recent data from Singer's lab suggests that this "tuning," at least in CD8 cells, may be mediated at least partly by complementary signals from self-peptide MHC (delivered through the TCR), and from IL-7 to regulate the levels of co-receptor expression [31] . Conversely, Stefanova et al. [32] hypothesized that the selfpeptide/MHC interactions in the periphery keep T cells in a state of partial activation or 'sensitization' in which survival is the outcome, and that allows T cells to respond to foreign antigen. These models are not necessarily contradictory when MHC is present, as the MHC-dependent desensitization or 'tuning' of naïve T cells proposed by Grossman and Paul could operate to control incipient selfreactive T cells (i.e., T cells with intrinsic potential for autoreactivity), while the MHC-dependent 'sensitization' proposed by Stefanova and Germain could enhance highaYnity T cell receptor interactions to non-self antigens [33] .
However, the models appear to make diVerent predictions in the absence of MHC: for desensitization as described by Grossman and Paul, self reactivity might be predicted to result in the absence of tuning when interactions with MHC are removed, while in the sensitization model of Stefanova and Germain, the absence of MHC-dependent sensitization should lead to anergy or death rather than the unleashing of autoimmunity.
The original rationale behind the experiments presented here was that the predilection for survival of memory, but not naïve T cells in the absence of MHC might provide an opportunity to enrich antigen experienced memory T cells in vivo [17, 34] -in our case, oVering an opportunity to study the intrinsic properties of disease causing T cells and the role of intrinsic negative regulatory molecules in this process. SpeciWcally, we reasoned that 'parking' T cells from diabetic NOD mice in an MHC-less environment would promote in vivo selection where the bulk of naïve (and presumably non-autoreactive) T cells would be unable to survive, leaving only the less frequent, antigen-experienced (including autoreactive) T cells. While the experiments in diabetes-prone NOD mice bore out this prediction, we unexpectedly encountered similar results when the experiments were performed in diabetes-resistant B6 mice. Therefore, it appeared that parking naïve T cells in an MHC-less environment led to the generation and/or survival of autoreactive T cells independent from the genetic background or the donor's propensity for autoimmunity.
To further verify this, we developed a tumor rejection model to test the properties of naïve or memory T cells undergoing HP in an MHC-positive environment, or preferential survival without HP in an MHC-deWcient environment. The results showed that naïve T cells that are allowed to undergo HP in an MHC positive, lymphopenic environment do not destroy tumor targets unless they are eVectively primed, while the absence of MHC allows latently reactive cells to persist, leading to tumor destruction without priming. Finally, our data suggest that, as is true in the case of stimulation by CD24-deWcient DC, CD4 T cells with impairments of intrinsic factors that negatively regulate cell cycle progression fail to survive and expand in MHC-deWcient environments, yet this largely eliminates the MHC requirement for survival and expansion of CD8 T cells. We interpret the sum of our data as supporting the prediction from the 'tuning' model that MHC deWciency unleashes autoreactive cells (i.e., they are no longer desensitized in the absence of MHC).
Methods
Animals and adoptive transfers
NOD/bdc (NOD) mice and C57BL/6-C2D mice (B6 C2D, deWcient in MHC class II expression) were kindly provided by Dr. Ron Gill (Barbara Davis Center for Childhood Diabetes, Denver, CO); C57BL/6 (B6) mice, C57BL/6-2 m mice (B6 2 m, deWcient in MHC class I expression), and B6 SCID mice were purchased from Jackson Laboratories (Bar Harbor, ME). MHC-deWcient NOD mice (henceforth referred to as NOD DKO) and MHC-deWcient B6 mice (B6 DKO) were bred in our facility according to the following scheme. First, we generated MHC class II-deWcient NOD mice by backcrossing B6 C2D females with NOD males. OVspring from F 1 £ NOD breedings were screened using 22 microsatellite marker pairs associated with 15 deWned Type 1 diabetes (iddm) loci as described in reports of NOD speed congenics [35] . OVspring were tested for inheritance of the disrupted I-A (C2D) allele, and DNA from C2D-positive female mice was further subjected to PCR analysis of the 15 iddm-associated loci. At each locus, mice were assigned as NOD or F 1 to indicate inheritance pattern from the mixed strain parent. Females possessing the most NOD loci were backcrossed to NOD males. Subsequent generations were similarly analyzed and bred back to NOD. Following six backcross generations, 18 of the 22 loci were positive for NOD, three of the primer sets were indistinguishable for the NOD and F 1 PCR products, and the C2D allele for primers associated with the MHC locus on chromosome 17 was present in the heterozygous state. These oVspring were bred with NOD 2 m KO mice (provided by D. Serreze, Jackson Laboratories, Bar Harbor, ME) and inheritance of disrupted MHC alleles was conWrmed by PCR analysis using microsatellite markers used in congenic typing to verify disruption of the I-A region. B6 DKO mice were generated by breeding B6 C2D and B6 2 m mice, with inheritance of disrupted MHC alleles conWrmed by PCR analysis. B6 DKO mice (Abb/B2m [36] ) were also purchased from Taconic Farms (Germantown, NY); B6 DKO mice bred in our facility and those purchased from Taconic had comparable numbers of detectable T cells and B cells in peripheral blood and in the lymphoid compartments as determined by Xow cytometry and immunohistology. Tob1 knockout mice (bred on a B6 background) were kindly provided by Dr. Tadashi Yamamoto (The Institute of Medical Science, The University of Tokyo, Tokyo, Japan).
For adoptive transfers, T cells were enriched from spleen and draining lymph nodes using a negative selection T cell enrichment kit (StemCell Technologies, Vancouver, BC, Canada). After selection, the populations routinely consisted of >96% CD3+ cells. Twenty million (2 £ 10 7 ) CD3 cells were transferred to each mouse using a single donor to reconstitute each recipient [37] . For experiments evaluating islet autoreactivity, cells were allowed to reach equilibrium in the recipient hosts for 4 weeks prior to chemical ablation of the endogenous pancreatic islets by streptozotocin and implantation of wild-type pancreas under the kidney capsule [38] .
For experiments evaluating tumor killing, cells were allowed to reach equilibrium in the recipient hosts for 2 weeks prior to subcutaneous injection of syngeneic Lewis lung (LL) carcinoma cells. Recovery of splenic and lymph node T cells from recipients was predictably higher in hosts after 2 weeks than after 4 weeks, although spleen sizes at the time mice were sacriWced, were not signiWcantly diVerent among the experimental groups whether mice did or did not receive T cells. The histomorphology of the spleens, however, was diVerent among mice that had normal T cell development (B6), mice that did not have T cells (SCID, DKO), and mice that were reconstituted by adoptive T cell transfers. Spleens in SCID and DKO mice consisted mostly of red pulp surrounded by extramedullary hematopoiesis and leukocytes (neutrophils and histiocytes) without discrete white pulp or follicular structures. Adoptive T cell transfers into SCID or DKO mice did not restore the splenic architecture. Although lymphocyte repopulation of the spleen was readily evident, these cells only formed small lymphoid aggregates that did not organize into follicular patterns.
All mice were maintained in a speciWc pathogen-free animal satellite facility of the University of Colorado Health Sciences Center under normal housing conditions (B6, NOD, Tob1-k/o) or under barrier conditions (SCID, DKO). All protocols and procedures involving live animals were reviewed and approved by the UCDHSC IACUC.
Cells and cell lines
Lewis lung (LL) is a pulmonary carcinoma cell line from B6 mice that expresses Fas but is resistant to FasL-mediated apoptosis and that can be transplanted to form tumors in vivo [39] . Primary mouse spleen cells and lymph node cells were prepared as described [40] . Cells were grown in RPMI 1640 media (Gibco Life Technologies, Rockville, MD) supplemented with 10% fetal bovine serum (Hyclone, Logan, UT), 10 M HEPES, 50 M 2-ME and 10 g gentamycin in an atmosphere of 5% CO 2 at 37°C.
Generation of recombinant adenoviruses
Viruses were prepared from mammalian expression plasmids encoding mutant forms of human FasL. BrieXy, FasL and enhanced green Xuorescent protein (EGFP) were inserted into the left end of the Ad5 replacing the E1 region and driven by the human ubiquitin promoter in all constructs. Recombinant viruses were generated by using the AdEasy System, conWrmed by PCR and ampliWed in FasL resistant 293-crmA cells as described [41, 42] .
Flow cytometry
Antibodies were purchased from BD Bioscience (San Diego, CA) and included anti-CD3 (2C11) conjugated to Xuorescein isothiocyanate (FITC), anti-CD19 (6D5) conjugated to tricolor Xuorochrome, anti-CD14 (rmC5-3) conjugated to phycoerythrin (PE), anti-CD4 (Gk1.5) conjugated to PE or FITC, anti-CD8 (53-6.7) conjugated to PE or FITC, anti-CD44 (IM7) conjugated to allophycocyanin (APC), anti-CD62L (MEL-14) conjugated to FITC, and anti-CD25 (7D4) conjugated to FITC. Anti-CD20 antibodies were kindly provided by Dr. Tom Tedder (Duke University) [43] . Staining was done using routine protocols with goat gamma globulin (Jackson ImmunoResearch Labs, West Grove, PA) as a blocking reagent [40] . As needed, gates were set to include lymphocytes (CD3+ and CD19+ cells) to determine the percentage of T cells in single cell suspensions from tumors. At least 10,000 cells per sample were collected for analysis of spleen and lymph node preparations, and >100,000 cells were collected for the analysis of tumor samples.
Tumor induction
For heterotopic tumor growth, 5 £ 10 5 unmodiWed LL cells or 5 £ 10 5 LL cells infected with Ad-FasL constructs were injected subcutaneously in the Xank of B6 mice [37] . Tumor volume was estimated from two-dimensional measurements using the formula L £ W 2 £ 0.52. Mice used as donors for adoptive transfer were humanely sacriWced after 16 days; mice that were used to determine tumor burden were sacriWced between 15 and 22 days when tumors reached 15 mm in a single diameter. Tumor burden for all mice was determined at necropsy; the mean ( §SD) threedimensional tumor burdens in mm 3 for each group was 622 (179) in B6 mice sacriWced at day 16 (T cell donors), 950 (440) in SCID mice without adoptive T cell transfers, 2,012 (903) in SCID mice that received naïve T cells, 1,030 (706) in SCID mice that received antigen-experienced T cells that did not reject tumors in the donor mice (AE-NR T cells), 1,189 (640) in DKO mice without adoptive T cell transfers, 907 (1, 144) in DKO mice that received naïve T cells, and 570 (631) in DKO mice that received AE-NR T cells. Six to twelve mice per group were used for the experiments.
Histopathologic examination
Skin biopsy samples, spleens, lymph nodes, and tumors were collected and equally divided for staining, Wxation in O.C.T. Tissue-TEK medium (stored at ¡80°C) or Wxation in 10% neutral-buVered formalin. Tissues were sectioned in 5-m slices and stained with hematoxylin and eosin for microscopic examination. Immunohistology test development and/or staining was contracted to IHC Services (Smithville, TX) and performed by Dr. J. Wojcieszyn. Antibodies used included anti-CD3 (Sigma), anti-CD4, anti-CD8, and anti-CD18 (Santa Cruz Biotechnology), anti-FoxP3 (eBioscience), and secondary reagents included rabbit anti-goat IgG (Bethyl Labs, Montgomery, TX) and goat anti-rat IgG (Serotec, Raleigh, NC). Semi-quantitative estimates of FoxP3 cells in tissues and tumors were done in consecutive images analyzed using ImageJ software (NIH). BrieXy, digital images were captured at 400£ magniWcation using an Olympus BH60 microscope with a cooled digital Penguin camera. Fields were deconvoluted into digital slices and a color replacement algorithm was applied to convert red and blue stains into distinct shades of gray in a linear 256 bit gray scale. QuantiWcation was done over three slices encompassing the "top", "middle", and "bottom" of the image by pixel density over ten overlapping Welds, each »50 m in diameter where the area was normalized to account for cellularity using "object counts" with each "object" identiWed by a nucleus and delineated by a cell membrane assigned a number or "event" equivalent to a cell. Red staining for FoxP3 and CD3 was quantiWed from Stack-2. Color images were converted into binary images, appropriate scaling was set for the magniWcation, a threshold was applied to recognize discrete round cells in the image, and a total count was obtained. Next, a threshold was applied to deWne positively stained cells in the native 8-bit image using the Threshold Colours Plugin for ImageJ and the count was repeated. The number of FoxP3 cells was normalized to the number of CD3 cells in each tissue analyzed.
Statistical analyses
Tumor-free survival and T cell reconstitutions were compared using 2 £ 2 tables analyzed with no prior expectation or alternative for independence (i.e., 2-tails) with Fisher's exact test. Tumor size, spleen size and rates of tumor growth between any two groups were compared using the Student's t test. A value of P < 0.05 was considered statistically signiWcant.
Results
An MHC-deWcient environment leads to islet autoreactivity
The requirement for class I MHC in CD8 T cell survival was Wrst inferred by the inability of CD8 thymic emigrants to seed MHC-deWcient peripheral organs [44] , with the diVerential capacity of naïve and memory CD8 T cells to survive in an environment devoid of class I MHC veriWed in a system using LCMV as a source of antigen to generate immunological memory [17] . Although largely similar, the survival of CD4 T cells in a class II-deWcient environment showed some important diVerences [20, 26] . For example, unlike naïve CD8 cells that die rapidly in the absence of MHC class I, the half-life of naïve CD4 cells in the absence of MHC class II was estimated to be as long as 3-4 weeks.
We examined this paradigm with T cells from diabetes prone NOD mice. As predicted, NOD DKO mice had an approximately normal complement of B cells, but virtually no peripheral T cells. To validate the model, puriWed T cells from diabetic NOD mice were adoptively transferred to NOD DKO recipients. After allowing the cells to undergo selection in this environment, the animals' pancreatic islets were ablated with streptozotocin, and the diabetic phenotype was reversed by transplantation of islets from MHCpositive NOD donors [38] . The function of transplanted islets was followed by monitoring blood sugar levels. Experimental controls included transfer of the same islet preparations into non-diabetic NOD and NOD SCID recipients that also had been adoptively transferred with T cells from diabetic NOD mice. The results of these experiments were clear. The transplanted pancreatic islets survived and functioned uneventfully for more than 60 days in normal NOD and NOD SCID recipients, but they were destroyed in 10-26 days (median 18 days) in the NOD DKO recipients (Table 1) .
We examined whether T cells from autoimmune-prone donors were a pre-requisite for islet destruction in the MHC-deWcient environment by repeating the same experiments done in the NOD DKO animals, but instead using non-diabetic, wild-type B6 mice as donors and MHC-deWcient B6 mice (B6 DKO) as recipients. The results of these experiments were remarkably similar to those seen in the NOD background. Adoptive transfer of naïve B6 T cells into B6 DKO animals resulted in rejection of pancreatic islets in 6-14 days (median 9.5 days, Table 1 ).
This raised two important possibilities. First, the DKO mice could be "leaky," even though they lacked 2 -microglobulin, which largely prevents development of CD8 T cells and most NK cells, while also harboring a targeted insertion that knocks out the I-A locus that prevents development of CD4 cells. We did not detect archetypal class I (H-2D b and H-2K b ) and class II (I-A and I-E) molecules in spleen cells from these DKO mice by Xow cytometry. Nevertheless, 2 m-deWcient mice have been reported to have a population of lymphocytes expressing CD8 homodimers (versus the more common CD8 / heterodimers) with no or signiWcantly reduced surface CD3 [45, 46] . We reasoned that, if these cells were responsible for the observed phenotype in the NOD DKO and in the DKO mice, we would observe similar results in 2 m-single knockout (SKO) mice. Second, in the case of class II knockouts, deletion of the I-A b locus can lead to assembly of atypical (A :E ) class II heterodimers [47] , which may promote alloresponses in mice that are incompletely tolerized. Thus, transfer of CD4 T cells into the I-A b environment might generate systemic inXammation leading to islet rejection.
If this were the reason for islet rejection in the B6 DKO, we anticipated we would observe similar results in B6 I-A b -SKO mice. Contrary to these two predictions, the phenotype leading to rapid islet rejection was peculiar to the DKO environment. Only two of Wve MHC class I-deWcient (MHC class II wild type) NOD mice rejected wild-type pancreatic islet transplants (one in 19 days, the other in 52 days). Islet rejection was not seen in either the MHC class II-deWcient (MHC class I wild type) NOD mice, nor either SKO strain in the B6 background. Thus, we believe alloreactivity is an unlikely explanation for our Wndings, and rather, the MHC-deWcient environment in the DKO mice may have unleashed histocompatible graft destruction that was independent of the donor's genetic predisposition to autoimmunity.
The MHC-deWcient environment enhances tumor reactivity
The apparent autoreactivity unleashed in the MHC-deWcient environment was inherent in both autoimmune-prone and normal mouse strains. The islet graft reactivity was independent of lymphopenia per se, given the respective phenotypes in NOD DKO mice (rejection) and NOD SCID mice (no rejection).
If the pancreatic islet graft reactivity in the DKO MHCdeWcient environment was a generalized occurrence associated with, for example, a fundamental break in tolerance [27] or simply due to reduced T cell numbers with exuberant MHC-independent expansion of MP cells, such as that reportedly driven by IL-21 that can select for autoreactive cells [48] , it should occur with tissues other than islets. To address this, we developed a distinct and simpler (not requiring islet isolation) adoptive transfer model where we could also assess the requirements for antigenic priming and memory T cell generation.
We chose the transplantable, syngeneic Lewis lung (LL) carcinoma derived from B6 mice as a suitable 'self' target for analysis that was distinct from islets. LL tumors grow when implanted subcutaneously into normal B6 mice, B6 SCID, and B6 DKO recipients (Table 2 ) just as syngeneic islet grafts survived in these various B6 recipients. While LL cells do not express tumor antigens that elicit immune responses in normal mice (for example, T cells from tumor bearing mice are incapable of CTL responses in vitro), under appropriate conditions, a polyclonal population of tumor-speciWc T cells can be generated. SpeciWcally, inoculation of tumor cells infected with an adenovirus containing the Fas ligand (FasL) gene leads to the destruction of the LL tumor in vivo [49] . The targets of FasL are Fas-sensitive host cells, not the LL tumor cells themselves (LL cells are resistant to Fas-dependent apoptosis [49, 50] ). The destruction of Fas-positive host cells sets in motion an inXammatory response that destroys the Fas-resistant LL tumor cells, and up to this point, T cells are not required for this process to occur. Yet, the process primes an anti-tumor [49, 51] . Consistent with the dependence on CD8 T cells, this protective anti-tumor response generated by FasL gene transfer is speciWc, as it cannot protect mice from challenge with a tumor distinct from LL [51] . Together, these data indicate that destruction of the primary tumor results in a memory T cell response that is speciWc for the LL tumor, and which no longer requires FasL. We took advantage of these observations to conWrm that the anti-tumor memory response could be adoptively transferred into immunodeWcient recipients. We used unchallenged (naïve) B6 mice, B6 mice challenged with unmodiWed (or mock adenovirus-infected) LL cells, or B6 mice challenged with LL-FasL as T cell donors for adoptive transfer experiments into B6 SCID mice. Each donor ostensibly had unique properties. The Wrst contained T cells that had never seen the tumor, the second had T cells that failed to respond in a fashion leading to rejection (we will refer to these as "antigen-experienced-no rejection", or AE-NR T cells), while the group treated with LL-FasL generated antigen-experienced T cells that productively responded to and destroyed the tumor. We will refer to these as "antigen-experienced-rejected", or AE-R T cells. This latter group would be the only one with assured memory T cell responses to the tumor; upon transfer to lymphopenic SCID mice, the other two experimental groups would allow us to evaluate the ability of T cells undergoing HP to potentially overcome tolerance and mount anti-tumor responses.
Twenty million puriWed T cells (>98% CD3+) derived from spleens and draining lymph nodes were adoptively transferred from these donors (unchallenged, AE-NR, AE-R) into B6 SCID recipients, and the T cells were allowed to undergo HP followed by challenge with wild-type LL tumor cells. We reasoned that, as shown for other tumors, the SCID recipients transferred with T cells from donors challenged with LL-FasL (AE-R) would reject the unmodiWed LL cells because they had been primed by rejecting the LL-FasL tumor. Whether the T cells from the other donors (unchallenged or AE-NR) would be able to do so with the added impetus of the SCID lymphopenic environment was the experiment under test. Figure 1 shows that the kinetics of tumor growth in SCID mice that received T cell adoptive transfers were delayed; i.e., the tumor was under immune attack as compared to control, T cell-deWcient mice SCID mice. However, there was no diVerence in the response to the tumor between mice that received unchallenged T cells and the mice that received antigen-experienced T cells that did not reject tumor in the donor mice (AE-NR group). In other words, prior antigen exposure provided no additional advantage for tumor rejection compared to simply having a population of unchallenged (naïve) T cells that underwent HP. On the other hand, SCID mice adoptively transferred with antigen-experienced T cells that rejected FasL-bearing tumors in the donors (AE-R group) were themselves able to reject (or in one case, signiWcantly delay) challenge of wildtype LL cells.
The diVerences in tumor rejection among these groups were not related to levels of engraftment or T cell survival. CD4 and CD8 T cell populations in spleens and lymph nodes from the recipients were comparable (Fig. 2) . However, in the mice that were unable to reject the tumors, "AE-NR" T cells (that were exposed to tumor in the donor but were unable to reject it) appeared to largely ignore these tumors, as evidenced by the paucity of CD4 and CD8 cells found inWltrating the tumor mass. In contrast, "AE-R" T cells obtained from mice primed with FasL-bearing tumors were readily detectable inWltrating the tumor in the SCID recipient that developed a small mass (Fig. 2) . Unlike previous reports showing inWltration of tumors by CD4/CD8 double negative T cells with suppressor function (DN TIL) 5 LL cells infected with adenovirus-FasL (500 pfu/cell, "antigen-experienced, rejected" or AE-R). After 16 days, mice were sacriWced and T cells were puriWed from the spleen and draining lymph node. These T cells were then transferred into B6 SCID recipients. A control group (N = 9) received saline injections in lieu of T cells (SCID). The experimental groups were adoptively transferred with pooled T cells from each group of B6 mice above (Naïve, AE-NR, and AE-R). Two weeks later, mice were injected with 5 £ 10 5 LL cells subcutaneously in the Xank. Tumor growth was monitored by palpation, and palpable tumors were measured across two diameters. At the end of 2 weeks, mice were sacriWced to evaluate T cell reconstitution and lymphoid inWltrates into the tumors. Data show the mean ( §SD) tumor burden as measured by volume (mm 3 ). One mouse from the AE-R group that had a palpable tumor (25 mm 3 ) at day 15 was maintained for an additional 4 days before it was sacriWced to assess T cell reconstitution and lymphoid inWltrates into the tumor [52] , the cumulative number of CD3-positive T cells inWltrating tumors in each group of mice in these experiments was not measurably greater than the additive number of CD4-and CD8-positive T cells.
These results suggested that by itself, HP in the lymphopenic SCID environment was unable to promote rejection of the syngeneic LL tumor, even when T cells were obtained from donors that had been previously exposed to the tumor (but failed to reject it). Yet, it provided an appropriate series of controls to examine how the absence of MHC might inXuence self-reactivity against syngeneic tumors. If the results observed in the islet transplantation experiments were due to loss of tuning and thus could be generalized to other self-peptide/MHC interactions, the prediction would be that adoptively transferred T cells from donors that had not previously been exposed to tumor would be able to delay or reject growth of LL cells in DKO recipients.
Hence, we repeated the experiment using B6 mice as donors, in this case, unchallenged (naïve) or exposed to unmodiWed LL cells (the AE-NR condition), and B6 DKO mice as recipients. As was true before, tumor rejection was not observed in the challenged donor group (antigen-experienced, no rejection). After 16 days, naïve and tumor-bearing donors were humanely sacriWced and 20 million puriWed T cells obtained from spleens and draining lymph nodes were adoptively transferred into the B6 DKO recipients. The T cell grafts were allowed to undergo selection for persistence of MHC-independent subsets, after which the mice were challenged with wild type, unmodiWed LL cells. The results showed convincing diVerences vis-à-vis the presence of MHC in the recipient. The median time to tumor formation in both groups of adoptively transferred B6 DKO mice was delayed as compared to the B6 donors or the comparable B6 SCID recipient groups (Fig. 3) . In fact, 2/5 mice that received unchallenged T cells and 8/10 (Fig. 3a) . The rate of progression as measured by average of measurable tumor size was slower in the "AE-NR" B6 DKO recipients than in the unchallenged T cell B6 DKO recipients. In addition, while survival between these two groups was not signiWcantly diVerent, both survival and tumor growth rate were slower in both as compared to all other groups (P < 0.05, Fig. 3b) .
The phenotype of surviving cells in these mice was also diVerent from what we observed in SCID recipients. As predicted from results reported by Mathis's group [20] , a proportion of CD4 cells that had not been exposed to antigen survived in the MHC-deWcient environment (i.e., >3 weeks after tumor challenge, compare "DKO" and "DKO+ naïve" panels in Fig. 4) , and the cells had a surface phenotype that was consistent with a 'memory' population, i.e., they expressed high levels of CD44 (not shown). In addition, these surviving CD4 cells also appeared to inWltrate transplanted tumors (Fig. 4) .
In contrast, CD8 cells that had not been exposed to antigen were unable to survive in this environment, but as predicted by the results of Ahmed and colleagues [17] , a subpopulation of antigen-experienced CD8 cells survived in the MHC-deWcient environment (Fig. 4) , despite their inability to reject the primary tumor challenge in the donors. In the animals from this group that developed tumors, the size of the tumors at the time the mice were sacriWced precluded analysis by Xow cytometry (cell yields were insuYcient), so we can only presume that inWltration of T cells accounted for delayed tumor growth or tumor rejection in B6 DKO mice that received T cells that were primed in the donor by exposure to tumor in the absence of FasL (AE-NR).
In addition to the possibility that MHC "tunes" the CD4 population and contributes to survival of naïve cells, we considered several alternative explanations for our data. First, it has been reported that residual NK cells in DKO strains are highly active and may reject adoptively transferred T cells [26, [53] [54] [55] . It is unlikely that this accounts for the diVerences we observed, unless rejection is highly selective, or peculiar subsets of cells (for e.g., unchallenged wild-type CD4 cells and antigen-experienced CD8 cells) are highly resistant. Also, Treg cells may have led to the altered tumor rejection phenotype in the DKO recipients. When we consider rejection in the SCID mice that received "AE-R" T cells, it is possible that FasL might have depleted Treg cells in the donor prior to transfer [56, 57] , but DKO mice received T cells that were not primed by exposure to FasL in the donor. Survival of Treg cells also seems to be dependent on self-peptide/MHC [27, 58] , so they may have undergone preferential depletion from the adoptively transferred CD4 subset in the DKO recipients. To address this, we examined the persistence of Treg cells in tissues and tumors from adoptive recipients using immunohistochemistry. The presence of FoxP3-positive cells was examined in samples from three mice for each of the adoptive SCID and DKO recipients as described in "Methods". The number of FoxP3-positive cells in the spleen and the skin was not signiWcantly diVerent among the recipient groups (0-2 cells/ 1,000 CD3 cells), and no FoxP3-positive T cells were seen within or along the periphery of any tumor. Intriguingly, rare FoxP3-positive cells (at a similar frequency of 1-3/ 1,000 nucleated cells) present in normal skin adjacent to the tumors were identiWed as mast cells by the presence of toluidine blue-positive granules.
Tob1 has diVerential eVects to restrain activation and promote survival of CD4 and CD8 T cells
The erosion of adoptively transferred T cells reXects a balance between HP and cell death. Recent data suggest that HP is restrained by negative regulatory factors such as CD24 in host DCs [10] , which has diVerent eVects on proliferation and survival of CD4 and CD8 subsets. We thus examined whether modulation of Tob1, an intrinsic negative regulatory molecule that controls transition from G0 to G1 in T cells, had similar eVects on survival and autoreactivity in the DKO environment. Both Tob1-and NFATc2-deWcient cells show a reduced threshold for activation similar to that reported in IAN5 (lyp)-deWcient T cells [59, 60] . At least part of this phenotype was due to constitutively elevated levels of CDK4 expression, an indicator of transition through the G0/G1 boundary [16, 60, 61] .
We next examined if there was an in vivo corollary to the reduced threshold of Tob1-k/o cell activation by testing whether Tob1-deWcient mice would reject or delay transplantable tumors. In previous experiments, we had noticed that growth of B16 melanoma was delayed in Tob1-k/o mice, which was associated with increased inXammatory inWltrates, reduced capillary density, and consequent necrosis [60] . We thus surmised these cells might generate a more dramatic tumor rejection phenotype when adoptively transferred to MHC-deWcient mice. We adoptively transferred unchallenged, Tob1-k/o cells to B6 DKO (N = 9) mice as described above, and 2 weeks later, we injected the adoptive recipients with LL tumor cells. Intriguingly, all the mice that were transferred with Tob1-k/o cells developed tumors by 11 days (which is the same as control mice that receive no T cells, see Fig. 3 ). In sharp contrast to what we observed after adoptive transfer of unchallenged wildtype T cells into the MHC-deWcient environment where there was rapid erosion of CD8 cells and protracted survival of CD4 cells, adoptive transfer of unchallenged Tob1-k/o cells resulted in a reverse phenotype with rapid erosion of CD4 cells and protracted survival of CD8 cells (Fig. 5) . Results from MHC class I SKO recipients (N = 2) suggest these animals may readily reject tumors (both survived >40 days). As illustrated in Fig. 5 , both CD4 and CD8 T cells survived in peripheral lymphoid organs from these mice. These results suggest that, much like absence of CD24 in DCs, the loss of intrinsic negative regulation created by knocking out the Tob1 gene shifts the balance of proliferation and death to allow for persistence of CD8 cells while leading to rapid erosion of CD4 cells.
Discussion
This study was prompted by an expanding literature concluding that memory T cells, but not naïve T cells, preferentially survived in an MHC-deWcient environment [2, 17-20, 26, 27, 34, 62-64] . We initially predicted that such an environment would provide a means to enrich autoreactive cells and study their intrinsic properties, for example, by 'parking' diabetogenic NOD T cells in an MHC-less NOD environment (the NOD DKO model). We also sought to use this model to explore potential diVerences between CD4 and CD8 T cell survival under these conditions, to address the role of MHC in desensitizing ('tuning') or in sensitizing T cell responses against self-antigens, and to begin to address how intrinsic negative regulatory factors inXuence this process.
The results of adoptive transfer of NOD T cells into the MHC-deWcient NOD environment supported our expectations, as the majority of donor T cells died within 4 weeks of transfer into NOD DKO animals, but a few T cells that remained were associated with fulminant destruction of syngeneic, MHC-positive NOD islet grafts. Islet destruction was not simply due to T cells undergoing HP in the lymphopenic recipient, since it did not occur in the 60-day window when we adoptively transferred T cells into lymphopenic SCID mice. Nor could this be explained simply by use of T cells from an autoimmune-prone donor, as the results of experiments in the non-autoimmune-prone B6 background were essentially indistinguishable from the results in the NOD background. Finally, graft rejection was probably not due to alloreactivity, as it was not apparent in single MHC knockout recipients. While we cannot completely rule out the possibility that this is because of a requirement for cooperative interactions between CD4 and CD8 T cells subsets, the response appeared to hinge on the concurrent absence of class I and class II MHC.
We used a syngeneic tumor model [49] as a complementary model to examine how loss of self-inXuenced T cell survival and activation. The B6 DKO model recapitulated results from single class I and single class II knockout mice with respect to T cell survival [17, 20, 27] . In addition, naïve T cells delayed LL tumor growth in the MHC-deWcient environment, and this eVect was enhanced when we used antigen-experienced cells from tumor-bearing donors (i.e., they were somehow 'primed'), even though the donors themselves were unable to reject the tumors. The observation that tumor rejection did not occur in MHC-positive, lymphopenic SCID animals that were adoptively transferred with naïve T cells, or with antigen-experienced T cells that did not reject tumor in the donor (AE-NR), indicates that the absence of MHC was essential to uncover the tumor reactive population, i.e., HP in the MHC-replete environment alone could not provide suYcient impetus for activation of quiescent self-(tumor) reactive T cells. Furthermore, failure to reject tumors was not due to inWltration by suppressive double negative (CD4¡/CD8¡) tumor inWltrating lymphocytes as has been reported for other syngeneic murine tumors [52] .
On the other hand, T cells that were deliberately primed under conditions of productive inXammation (by ectopic expression of FasL in tumors), were able to destroy secondary tumors even when MHC was present, indicating that the functional phenotype of memory T cells generated by canonical innate immune responses or by exposure to exosomes harboring apoptotic bodies (such as the seen with AE-R T cells) behaves diVerently than that generated by HP (i.e., by transfer of naïve T cells or AE-NR T cells to SCID mice).
It is worth noting that there were three distinct points of event-free survival for the groups tested. First, it took 10-11 days for 50% of wild-type B6 mice, B6 DKO mice (without T cells) or any of the SCID groups (with or without T cells) to develop tumors, and 100% of mice had tumors 14 days after challenge, although the rate of tumor growth in SCID mice that received unchallenged T cells or AE-NR T cells was slower than it was in mice with no T cells. In contrast, it took 14 and 21 days, respectively, for 50% of B6 DKO mice that received unchallenged T cells and B6 DKO mice that received "AE-NR" T cells to develop palpable tumors (signiWcantly diVerent from controls to P < 0.04 and P < 0.01). Moreover, while tumor growth was signiWcantly slower in DKO mice that received unchallenged T cells than in the control or SCID groups, the slowest tumor growth rate was recurrently observed in the "AE-NR" B6 DKO recipients.
The sum of our results suggests that complete absence of MHC (class I and class II) incites T cell autoreactivity, or rather, removes a component of intrinsic negative regulation that maintains tolerance to self. There are conXicting data regarding loss of MHC and T cell reactivity (reviewed in [33] ). Several reports indicate that self-interactions (TCR-MHC) maintain a high threshold for self-antigens [27, 28, 30, 33] , whereas others show that these interactions promote modest receptor clustering and CD3 chain phosphorylation [20, 32] and in the case of CD4 cells, MHC class II availability promotes activation of Rap1 and Rac1, enhancing motility [65] , suggesting self-interactions are responsible for partial activation that sensitizes the TCR as well as for increasing the potential for these cells to encounter and respond to antigen. One possibility that remains to be explored is that quantum signaling through the TCR might be responsible for sensitization and for Fig. 2 . Data show representative dot plots for CD4 and CD8 staining tuning in T cells with varying avidity for self-peptides. Quantum signaling refers to the diVerence in signal magnitude that can be achieved by the number of receptors that are bound by ligand (determined by receptor density and ligand concentration) and the temporal occupancy of each receptor (determined by aYnity).
The phenotype was dependent on loss of both MHC class I and MHC class II, as it was not evident in the single knockout mice. Unlike our results in the single class II knockout mice that did not reject pancreatic islets after adoptive transfer with naïve T cells, Bhandoola et al. reported rejection of MHC-positive skin grafts in approximately one third of MHC Class II-deWcient animals that received naïve CD4 T cells [27] . Given that skin is particularly sensitive to T cell-mediated attack, rejection of only a fraction of the grafts suggests that the response unleashed by the absence of MHC class II alone was not very robust (as one might expect if the response is derived from T cells bearing low aYnity receptors for self), even though lymphocytic inWltration into the skin was observed in all the animals.
Our results showing survival and autoreactivity of adoptively transferred, naïve CD4 T cells resembled those reported for the skin graft experiments into MHC class II SKO mice [27] , with two of Wve B6 DKO mice that were adoptively transferred with naïve T cells showing delayed tumor growth for >50 days, and all of the mice examined containing CD4 T cell inWltrates in the tumors. In contrast, both CD4 and CD8 T cells survived in the MHC-deWcient environment after they were exposed to tumor in the donor (antigen-experienced), and both the CD4 and the CD8 populations inWltrated LL tumors in the recipients. Hence, the results support current dogma that CD4 T cells persist longer than CD8 T cells in an MHC-deWcient environment [20, 26] , and the improved outcomes seen in mice that received antigen-experienced T cells were expected because these would contain MP CD8 T cells that are less dependent on MHC for survival.
Unlike what we observed in MHC-positive SCID mice, thus, unchallenged T cells and antigen-experienced T cells from donors that did not reject the tumor challenge could be induced to destroy LL cells following adoptive transfer into the MHC-deWcient environment. This indicates that absence of MHC released a previously quiescent population with eVector potential that was controlled by the presence of MHC in the unchallenged donors, and it also released a tumor sensitized (antigen-experienced) population that had been controlled by the presence of MHC in donors that had been challenged with, but failed to reject tumors. This latter conclusion is possible both because of the delay in the median survival and the rate of tumor growth.
These observations could be explained by release of T cells from intrinsic negative regulation in the absence of MHC. In other words, the same mechanisms that restrain T cell proliferation might control "tuning". Among various candidates, we elected to study the eVects of Tob1, which acts to silence the IL-2 promoter [66] , and also modulates the activity of SMAD transcription factors, which are responsible for most of the anti-proliferative eVects of transforming growth factor-(TGF-) [66] . CDK inhibitors including Ink4 proteins and p27 are upregulated by TGF- [67] [68] [69] , and at least p27 also is strongly induced by Tob1 [14] . The data from adoptive transfers using Tob1-deWcient cells were initially counterintuitive, as the recipients showed no propensity to reject syngeneic tumors and the resulting peripheral T cell phenotypes were reversed from mice that received wild-type T cells. Tob1-k/o CD8 cells were able to persist in spleen and draining lymph nodes in MHC-deWcient recipients, suggesting that Tob1 deletion was suYcient to overcome the requirement for MHC of naïve CD8 T cells (and thus these cells survived in both DKO and class I SKO mice), whereas CD4 cells did not tolerate the simultaneous loss of MHC and Tob1.
The response of naïve and memory cells to a lymphopenic environment has been the subject of several recent studies. Under normal conditions of HP, memory cells have an advantage due to their lower threshold of response for IL-7, clonal competition, and reduced sensitivity to the eVects of Treg cells. It is reasonable to assume this balance would be even more noticeable in the MHC-deWcient environment where there are additional obstacles that impair survival of naïve T cells. However, the ability of naïve T cells to undergo HP is diVerent when there are abundant levels IL-2 and IL-15. Not only do these cytokines allow for expansion of naïve cells, but they also generate functionally competent cells [2] . The peripheral polyclonal T cell populations from donor mice in our experiments did not contain appreciably changed frequencies of CD44 hi cells that might reXect an alteration in phenotype dictated by the immune status of the donor. Nor were the ratios of CD4/CD8 subsets altered, an expected result given that the T cell enrichment approach was a negative rather than positive selection approach, but the origin of the expanded population cannot be ascertained from this fact as the cells acquired a memory-like phenotype in the recipient mice.
Finally, we cannot completely exclude a role for CD4/ CD25/FoxP3+ Treg cells. Independent studies indicate Treg cells are deWcient in MHC-less recipients [27, 58] , and our preliminary data suggest that the MHC-deWcient environment does not strongly support survival of Treg cells. We quantiWed FoxP3 cells in samples from the mice a posteriori, and thus relied on immunohistochemistry of formalin-Wxed and paraYn-embedded tissues. No diVerence was apparent in SCID mice that received naïve, AE-NR, or AE-R T cells or in DKO mice that received naïve or AE-NR T cells. The absence (or loss) of Treg cells may reXect their formation in the thymus at the boundary of TCR aYnities for self, separating cells that are high aYnity and subject to negative selection from those that are low aYnity and subject to positive selection. The proclivity of Treg cells for self probably makes them particularly dependent on MHC, both for survival and for tuning; thus, they might die readily in a peripheral environment that is devoid of MHC.
Nevertheless, if regulatory T cells were the main reason why tolerance was maintained in adoptively transferred SCID mice, as compared to DKO mice, we might expect them to similarly dampen anti-self (tumor) responses in animals that received antigen-experienced T cells primed in the presence of FasL (AE-R), since survival of Treg cells should be assured in the MHC-positive SCID environment. Similarly, while the observation that class I SKO did not universally reject pancreatic islet grafts could be consistent with survival of Treg cells in the MHC class II-positive environment, the prediction would then be that Treg cells should die in class II SKO mice and that these animals would reject islet grafts, and this was not the case. Hence, the sum of our data implicates intrinsic mechanisms that are at least partially independent of Treg cells for the generation of islet and tumor rejection phenotypes in DKO mice.
In summary, our results are consistent with the interpretations that MHC class I is required for survival of naïve CD8 T cells, but not memory CD8 T cells, and that MHC class II provides 'tuning' signals that restrain autoreactivity by CD4 T cells. It is widely assumed that most tumors express only self-antigens and are therefore immunologically silent. Hence, unresponsiveness to tumors, or to pancreatic islets in non-autoimmune-prone animals, is reversed by the absence of ligands that limits self-reactivity, i.e., self-MHC.
